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The importance of codon context and leader length in the translational regulation of p20 and p21 from the bifunctional
0.9-kb subgenomic mRNA of cucumber necrosis virus was investigated. Nucleotide substitutions introduced into the 03
and /4 positions of the p21 AUG codon (where the A of the AUG is /1) verified that purines in these positions are favored
and demonstrated the similar contribution of the 03 and /4 positions to the efficiency of initiation codon selection in plants.
The effect of nucleotide substitutions in the /5 position, most clearly demonstrated when pyrimidines occupy the 03 and
/4 positions, also provided direct insight into the influence of the /5 position in plants. The codon context of the upstream
p21 initiation codon affected expression from the downstream p20 AUG codon. In addition, an increase in the length of the
subgenomic mRNA leader decreased expression from the downstream p20 initiation site. These latter observations are in
accordance with the ‘‘Kozak rules’’ for accession of internal AUG codons by leaky ribosomal scanning and provide the first
example of an effect of leader length on the efficiency of translation initiation in a plant (viral) mRNA. q 1996 Academic
Press, Inc.
The features influencing initiation codon selection and context as well as secondary structure and leader
length are considered (1, 2). For leaky scanning to occur,have been well studied in animal systems and have ex-
panded to include those mRNAs which appear to deviate the first AUG codon usually lies in a suboptimal context
allowing some ribosomes to scan past the first potentialfrom the Kozak scanning model of eukaryotic translation
initiation (1, 2). The scanning model postulates that dur- start site and initiate instead at the next downstream
AUG codon. This tendency to bypass the first start siteing translation, the 40S ribosomal subunit, along with
Met-tRNAmeti and associated initiation factors, initially may be promoted in mRNAs containing short 5* noncod-
ing leader sequences, lacking considerable secondarybinds at the capped 5* end of the message and migrates
linearly until it reaches the first AUG codon at which time structure downstream of the 5* proximal AUG codon (1,
2) and with the second AUG codon in relatively closeit is joined by the 60S ribosomal subunit and protein
synthesis ensues (1, 2). While most eukaryotic mRNAs proximity to the first initiating codon (12).
The optimal context for initiation in animal systemsare monocistronic and initiation of translation occurs
faithfully only at the 5* proximal AUG codon, a small has been determined to be CCACCAUGG with the 03
position (relative to the AUG codon) being the most im-subset of mRNAs, primarily viral in origin, contain inter-
nally located AUG codons which are accessed instead portant mediator of translational efficiency (13, 14). In
cases where the 03 position is not a purine, the re-of, or in addition to, the first AUG codon (1).
To explain the apparent deviations from the ribosome maining positions (particularly the/4 position) exert their
influence. Comparisons of plant start site sequencesscanning model, several strategies, and the features nec-
essary for their operation, have been proposed. Among suggest the consensus sequence for plants is AACAAU-
GGC (15–17); however, some controversy surrounds thethese is ‘‘leaky’’ ribosomal scanning which has been
demonstrated to occur in the animal reovirus (3), simian nucleotide positions which most strongly regulate initia-
tion codon selection in plants. While in some studies,virus 40 (4), hepatitis B (5, 6), retroviruses (7, 8), and
rabies virus (9) as well as the plant viruses barley yellow the 03 position did not appear to be an important modu-
lator of translational efficiency (16, 18), in other cases,dwarf luteovirus (10) and peanut clump furovirus in vitro
(11). Leaky ribosomal scanning can be rationalized by a simultaneous modification of nucleotides in the 03, /4,
and /5 positions provided evidence for the importancenormal scanning mechanism if both AUG codon position
of one or more of these positions (19–21). In general, the
posttranscriptional regulation of plant gene expression,1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (604) 666-4994. E-mail: rochon@pargva.agr.ca. including the contributions made by codon context and
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leader sequence to translational control, have not been produce ssDNA for in vitro mutagenesis as described by
well characterized (reviewed in 22). Kunkel et al. (30) using the degenerate CNV/GUS oligo
To gain an understanding of the regulation of transla- #2 5*CATTTGGAGAGGAtcCTAACCAAT/aTCATG
G/t
A/cTAG-
tion of the bifunctional mRNA of cucumber necrosis virus CTTAGCGGG3* which contains different nucleotides sur-
(CNV), we investigated the effects of both leader length rounding the p21 start site (mutations denoted in small
and AUG codon context. CNV is a small spherical plant- case and subscripted where applicable). CNV/GUS oligo
infecting tombusvirus with a genome consisting of a sin- #2 corresponds to the 3* most 11 nucleotides of the
gle strand of messenger sense RNA of 4.7 kb (23). The CaMV 35S promoter region ending with the first G of a
3* terminus of tombusvirus genomes encode two pro- BamHI site (underlined) introduced into the region corre-
teins of ca. 20 and 21 kDa (p20 and p21, respectively) sponding to the CNV leader including the initiation codon
which are expressed from different but extensively over- (bold) and first codon of p21 followed by sequence within
lapping ORFs (24). The absence of CNV p20 is associ- the pAGUS-1 GUS coding region (italicized). Appropriate
ated with an attenuated phenotype and the rapid de novo clones were sequenced then digested with BamHI and
generation of defective interfering RNAs (25). CNV p21, ApaI and inserted into similarly digested pAGUS-1 to
as well as the analogous proteins of related tombusvi- yield the pCGUS series 1 through 8. These constructs
ruses, is implicated to function in cell-to-cell movement direct the synthesis of transcripts containing either an A
of the virus throughout the infected plant (26, 27). A likely or U in the 03 position, a G or a U in the /4 position,
strategy for the initiation of translation of the downstream and an A or a C in the /5 position surrounding the CNV
p20 ORF is via leaky ribosomal scanning due to the po- p21 AUG codon which initiates the synthesis of GUS
tentially suboptimal context of the upstream p21 AUG (Fig. 1B).
codon (lacking a purine in the 03 position but containing To determine which of the selected nucleotides most
a G in the /4 position) as well as the unusually short 5* strongly regulate translational efficiency in plant proto-
noncoding leader (15 nucleotides in length) of the 0.9- plasts, the ability of the different pCGUS constructs to
kb mRNA. transiently express GUS was analyzed. Nicotiana plumb-
To investigate the influence of selected nucleotides aginofolia protoplasts were prepared, isolated, and
flanking the AUG codon for CNV p21 on the efficiency of transfected essentially as described by Wieczorek and
translation initiation, we generated a series of pCGUS
Sanfacon (31). Approximately 0.6 1 106 protoplasts were
constructs (Fig. 1A). These constructs contain a se-
transfected in 20% polyethylene glycol using 20 mg ce-
quence corresponding to the 5* untranslated leader re-
sium gradient-purified supercoiled plasmid DNA. The
gion of the CNV 0.9-kb subgenomic mRNA downstream
protoplasts were lysed, the soluble fraction collected by
of the CaMV 35S promoter and upstream of the b-gluc-
centrifugation, and the protein concentration determineduronidase (GUS) reporter gene in pAGUS-1 (28; see Fig.
by the method of Bradford (32). GUS activity was mea-1A). To generate the pCGUS series, pAGUS-1 was first
sured using a kinetic spectrophotometric assay modifieddigested with BamHI, treated with mung bean nuclease,
from Jefferson et al. (33) for use in a microtiter plate. Theand then digested with ApaI. Linearized pAGUS-1 was
specific GUS activity for each construct was determinedthen incubated with CNV/GUS oligonucleotide (oligo) #1,
to be the average of replicate samples in each of three5*GAATCTAACCAATTCATGGAAAGCTTAGCGGGCC3*,
separate experiments using independently preparedwhich corresponds to the entire CNV leader region (nu-
plasmid DNA. The relative GUS activity for each constructcleotides 3785–3804), including the p21 initiation codon
was determined after assigning the average GUS activity(bold) and next two nucleotides, followed by pAGUS-1
found for pCGUS-wt the value of 100 to which the re-GUS coding sequence (italicized) under ligation condi-
maining constructs were compared.tions described by Edwards et al. (29). The resulting con-
The relative GUS activity directed by pCGUS-wt (whichstruct, designated pCGUS-wt, would give rise to tran-
contains sequences corresponding to the authentic 0.9-scripts containing a 5* leader sequence identical to that
kb subgenomic mRNA leader) and pCGUS-1 (which con-of the authentic CNV 0.9-kb subgenomic mRNA with the
tains two nucleotide changes corresponding to the ex-AUG codon for CNV p21 in-frame with the gene for GUS.
treme 5* end of the leader RNA) were similar (Fig. 1B).To obtain constructs containing sequences correspond-
This indicates that the two nucleotide changes intro-ing to the 0.9-kb subgenomic mRNA leader but with nu-
duced for cloning purposes and present in the remainingcleotide substitutions in the 03, /4, and /5 positions
pCGUS constructs have little impact on GUS activity.relative to the AUG codon for CNV p21, a portion of the
pCGUS constructs containing an A in the 03 positionabove clone, pCGUS-wt, was used for the production of
(i.e., pCGUS 3 and 8), a G in the /4 position (i.e., pCGUSa ssDNA template for in vitro mutagenesis. A 100-bp
1 and 5), or both an A and a G in the03 and/4 positionsEcoRV/ApaI fragment of pCGUS-wt (containing a portion
(i.e., pCGUS 2 and 6) directed GUS activity levels greaterof the CaMV35S promoter followed by the region corre-
than or equal to wild-type levels. The relative GUS activitysponding to the CNV 5* untranslated leader) was inserted
obtained from these constructs ranged from approxi-into similarly digested Bluescript II KS(/) (Stratagene) to
give pBJUNCTION 1. This construct was then used to mately 103 to 135% of the level directed by pCGUS-wt
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FIG. 1. Diagrammatic representation of pCGUS constructs used to analyze nucleotides which regulate p21 translation initiation. (A) Structure of
the CNV genome with the 0.9-kb subgenomic mRNA 5* leader sequence expanded below. Sequences corresponding to the 0.9-kb mRNA leader
including the p21 initiation codon and following codon were placed downstream of the CaMV 35S promoter and upstream and in-frame with the
coding region for b-glucuronidase (GUS) in pAGUS-1. (B) Sequence of the 5* leader regions of pCGUS-wt and pCGUS 1-8 series transcripts carrying
nucleotide substitutions surrounding the p21 AUG codon which starts the synthesis of GUS. pCGUS-wt transcripts, containing the authentic 0.9-kb
subgenomic mRNA leader sequence, were used as a reference against which the pCGUS 1-8 series were compared. pCGUS 1-8 RNA transcripts
contain sequences corresponding to the 0.9-kb subgenomic mRNA leader but with two nucleotide substitutions at positions 012 and 013 upstream
of the AUG codon (where A is /1) introduced for cloning purposes. Nucleotide substitutions were introduced at the 03, /4, and /5 positions
surrounding the initiation sites in the pCGUS 1-8 series such that the transcripts contain either an A or a U in the 03 position, a G or a U in the
/4 position, and an A or a C in the /5 position. The bent arrow denotes the transcript start sites and the p21 AUG codon is underlined. The
specific GUS activity obtained for each construct is reported as nanomoles of p-nitrophenol produced per minute per microgram of protein and
represents the average of three replicate samples using the same batch of protoplasts. The relative GUS activity for each construct was determined
by assigning the activity obtained from pCGUS-wt the value of 100 to which the remaining constructs were compared and represents the average
for each construct from three different protoplast experiments using independently prepared plasmid DNA. The GUS activity obtained from mock-
treated samples was negligible.
(which contains sequences corresponding to the authen- latter postulated to be favorable based on nucleotide
sequence comparisons of initiation sites in plant mRNAstic 5* noncoding region of the 0.9-kb subgenomic mRNA).
In contrast, pCGUS constructs which did not contain (15–17), repeatedly gave rise to GUS activity levels simi-
lar to their counterparts containing an A in the /5 posi-a purine in either the 03 or /4 position (i.e., pCGUS 4
and 7) gave rise to significantly lower levels of GUS activ- tion (i.e., pCGUS 8, 1, and 2). However, pCGUS 7, which
contains pyrimidines in the 03 and /4 positions and aity relative to wild-type. These levels were approximately
36% of wild-type levels for pCGUS 4 (which would gener- C in the /5 position, consistently directed higher levels
of GUS activity compared to pCGUS 4 which also con-ate mRNA containing a U in the 03 position and a UA
dinucleotide following the AUG) or approximately 53% of tains pyrimidines in the 03 and /4 positions but which
has an A in the /5 position. Together with the abovewild-type levels for pCGUS 7 (which would direct mRNA
with a U in the 03 position and a UC dinucleotide follow- data, these results indicate that efficient codon selection
requires the presence of a purine in either the 03 posi-ing the AUG codon).
pCGUS constructs 3, 5, and 6 containing purines in tion or the /4 position and, in addition, indicate that the
absence of purines in either of these positions may bethe 03 and /4 positions and a C in the /5 position, the
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partially compensated for by the presence of a C in the would, in addition to introducing nucleotide substitutions
(in small case) downstream of the CNV p21 initiation codon/5 position.
The approximate twofold increase in the level of GUS (bold), again result in the introduction of a BamHI site
(underlined) at a region corresponding to the CNV 0.9-kbactivity found in our plant protoplast system with the
substitution of a pyrimidine for a purine in either the 03 subgenomic mRNA start site. The resulting p21CONTEXT
clones were confirmed by sequence analysis and the 45-or /4 position is modest compared to that reported in
mammalian cells where substitution of a purine for a bp BamHI/NcoI fragment (the NcoI site overlaps the p20
initiation codon) from each was gel-purified and insertedpyrimidine in the 03 position of the preproinsulin initia-
tion site decreased its expression by as much as 20-fold into similarly digested pAGUS-1 to obtain the pBGUS con-
structs 1, 4, 5, and 7. Transcripts derived from the pBGUS(depending on the remaining context; 13, 14). Our results
are comparable, however, to those reported for other series would contain either a G or a U in the /4 position
and a C or an A in the /5 position of the p21 AUG codon.plant systems where the simultaneous replacement of
pyrimidines for purines in the 03 and /4 positions have GUS activity was again determined for each (Fig. 2B).
pBGUS 5 which contains a GC pair in the /4 and /5resulted in between 2- and 9-fold increases in gene ex-
pression, depending upon the system examined (10, 19, positions shown to direct slightly higher than wild-type
levels of GUS activity from the p21 AUG codon above21). In addition, the independent substitution of nucleo-
tides in the 03, /4, and /5 positions in the present (see Fig. 1B) repeatedly gave rise to GUS activity levels
slightly lower than the levels obtained from pBGUS 1study demonstrates the similar contributions of the 03
and /4 positions to translational efficiency in plant cells (representing the wild-type construct). pBGUS 4 and 7
(whose transcripts contain a U in the /4 position andand may explain the previously reported absence of an
increase in gene expression from a nucleotide substitu- either an A or a C in the /5 position, changes which
gave rise to p21-directed GUS activity levels below thosetion in the 03 position alone (18). The similar impact on
translational activity resulting from purine to pyrimidine of wild-type above (see Fig. 1B) produced similar levels
of GUS activity. The levels for both pBGUS 4 and 7 werechanges in the 03 and /4 positions also correlates well
with statistical analyses of nucleotide frequencies flank- nearly 30% higher than the levels produced by pBGUS
1. The trend in GUS activity obtained from the pBGUSing the AUG codons of plant mRNAs (17). The frequency
of a purine in the 03 position of dicot plant mRNAs is mutant series is inversely related to the variation in GUS
levels produced by the pCGUS mutants, above, indicating87% (with an A being 70%) while the preference for a G
in the /4 position and a C in the /5 position are 70 and that the context of the upstream p21 initiation codon
influences the efficiency of translation from the down-63%, respectively. While the frequency of a purine in the
03 position upstream of the start codon in vertebrate stream p20 initiation codon. This trend, showing in-
creased translation from the downstream cistron whenmRNAs is similar to that for plants (91%), the preference
for a G in the /4 position and a C in the /5 position are the upstream AUG codon is followed by a UA or UC pair
as compared to a GA or GC pair, indicates that the poora considerably lower, 46 and 37%, respectively. It has
recently been demonstrated in a rabbit reticulocyte lysate context of the upstream initiation codon allows more effi-
cient initiation at the downstream site. Initiation from thesystem that only a G in the /4 position is stimulatory,
suggesting that it is not a purine per se but specifically internally located AUG codon for p20 is therefore in ac-
cordance with its accession by leaky ribosomal scan-a G that is necessary for efficient codon selection in plant
systems as well (34). ning, first demonstrated to occur in plants with barley
yellow dwarf luteovirus (10).Although from the above analysis it would appear that
the 5* proximal AUG codon for CNV p21 is in a near optimal To determine the effect of nucleotide substitutions
downstream of the p21 AUG codon on the production ofcontext (with a G in the /4 position), we examined the
effect of changes flanking this upstream codon on expres- both p20 and p21, subgenomic-length transcripts con-
taining nucleotide changes in the /4 and /5 positionssion from the downstream p20 AUG codon in order to
investigate the strategy of p20 production. A series of (as above) were translated in a wheat germ extract cell-
free translation system. A series of four plasmids werepBGUS constructs were generated which contain a se-
quence corresponding to the leader region of the 0.9-kb constructed by subcloning a 447 bp BglII/NcoI fragment
from each of the p21CONTEXT clones, described above,mRNA including both the p21 and p20 AUG codons, how-
ever, in this case with the p20 AUG codon in-frame with into similarly digested pK2/M5 (a full-length CNV cDNA
clone described in 24). A 916-bp BamHI/SmaI fragmentthe GUS coding sequence (Fig. 2A). To generate this series,
in vitro mutagenesis was carried out using a ssDNA tem- from each of the resulting constructs was then ligated
into similarly digested BluescribeBam vector which con-plate corresponding to CNV nucleotides 2566 to 4116
(which encompasses the region surrounding the p20 and tains a BamHI site immediately preceeding the T3 pro-
moter site. In vitro transcription of SmaI-linearized plas-p21 initiation sites) and the degenerate CNV oligo #35
mixture, 5*ATTAGGGGCTTCTGGAtcCTAACCAATTCAT- mids as previously described in Rochon and Johnston
(24) using T3 RNA polymerase would result in transcriptsGG/t
A/cTACTGAATACGAAC
3* (which corresponds to CNV nt
3771 to 3818). Mutagenesis using this oligonucleotide which exactly correspond to the 0.9-kb subgenomic
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FIG. 2. Diagrammatic representation of pBGUS constructs used to analyze p20 production. (A) Structure of the CNV genome with the 0.9-kb
subgenomic mRNA 5* leader sequence and downstream coding region expanded below. Sequences corresponding to the 0.9-kb mRNA leader
extending past the p21 initiation site and including the p20 initiation site and following codon were placed downstream of the CaMV 35S promoter
and upstream (with the p20 start site in-frame) of the coding region for GUS in pAGUS-1. (B) Sequence of the 5* regions of pBGUS 1-4 series RNA
transcripts carrying nucleotide substitutions surrounding the p21 AUG codon. pBGUS 1-4 transcripts contain sequences corresponding to the 0.9-
kb subgenomic leader but with two nucleotide substitutions at positions 012 and 013 upstream of the AUG codon (where A is /1) introduced for
cloning purposes. Nucleotide substitutions were introduced at the /4 and /5 positions following the initiation site in the pBGUS 1-4 series such
that the transcripts contain either a G or a U in the /4 position and an A or a C in the /5 position. The bent arrow denotes the transcript start
sites and the p20 and p21 AUG codons are underlined. The specific GUS activity obtained for each construct was determined as described in the
legend of Fig. 1.
mRNA but contain two nucleotide changes (due to the (15, 36), many RNA viruses, including CNV, have mRNAs
with considerably shorter leader sequences of 15 nucleo-introduced BamHI site) in the 5* leader region as well
as nucleotide substitutions downstream of the p21 start tides or less (1, 2, 35). To examine whether the length of
the CNV 0.9-kb subgenomic mRNA leader affects thesite. Purified transcript RNA was then quantitated and 2
mg used to program a wheat germ extract cell free trans- relative production of p20 and p21, the authentic 15 nu-
cleotide leader was increased to a longer yet similarlylation system (Promega) in the presence of [35S]-
methionine. In vitro translation products were analyzed structured 48 nucleotide leader lacking upstream AUG
codons or minicistrons which might be deleterious toby SDS–PAGE and subsequent autoradiography (see
Fig. 3 legend for in vitro translation and electrophoretic efficient recognition of the initiating AUG codon (see Figs.
3 and 4). To do this, two constructs, pSC/0.9 sg andconditions). Transcripts in which the p21 AUG codon was
followed by GA, GC, or UC dinucleotides directed similar pDNM2 sg, were generated which would give rise to
transcripts differing in the length of their 5* noncodingproportions of p20 and p21 in vitro translation products
while transcripts in which the p21 AUG codon was fol- regions. pSC/0.9 contains the wild-type length cDNA
copy of the 0.9-kb subgenomic mRNA adjacent to thelowed by UA consistently directed more p20 compared
to p21 translation products (data not shown). While these bacteriophage T7 promoter. pDNM2sg is identical to
pSC/0.9 sg except it contains an additional 33 nucleo-results are in agreement with those from the above proto-
plast experiments, the in vitro system appears less re- tides of 5* leader sequence derived from a cDNA clone
of a naturally occurring CNV coat protein deletion mutantsponsive to changes in codon context. These results are,
nevertheless, again consistent with accession of the p20 (see below). To generate pSC/0.9 sg (provided by Dr. Tim
Sit, manuscript in preparation), CNV oligos #46 and #37initiation codon via leaky ribosomal scanning.
In addition to a suboptimal context of the first AUG were used to amplify sequences by PCR from a genomic
length CNV cDNA clone. CNV oligo #46, 5*AACTGCAGA-codon, leaky ribosomal scanning may also be promoted
in mRNAs containing a relatively short 5* noncoding ATTCTAATACGACTCACTATAGAATCT3*, contains a re-
striction enzyme recognition site for PstI (underlined), theleader sequence which might impair the ability of scan-
ning ribosomes to recognize and respond to nucleotide bacteriophage T7 promoter sequence (italicized), and the
first six nucleotides corresponding to the CNV 0.9-kbchanges surrounding the first AUG codon (35). While the
average length of the 5* leaders of plant and vertebrate subgenomic mRNA leader (bold) and CNV oligo #37,
5*GACAGCAAGCGAAAGTG3*, is complementary to CNVmRNAs has been estimated to be around 80 nucleotides
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FIG. 3. In vitro translation of wild-type 0.9-kb subgenomic mRNA transcripts and extended leader DNM2 subgenomic length mRNA transcripts.
(A) Structure of the CNV genome with the DNM2 subgenomic mRNA 5* leader sequence expanded below. Region I corresponds to the first 20
nucleotides of the CNV coat protein subgenomic RNA, region II corresponds to the 13 nucleotides immediately upstream of the 0.9-kb subgenomic
start site, and region III corresponds to the authentic 0.9-kb subgenomic 5* leader sequence and p21 initiation codon. (B) Wheat germ extracts
(Promega) in which the magnesium and potassium concentrations were adjusted to 2.0 and 120 mM, respectively, were programmed with 0.5, 1,
or 2 mg uncapped transcript RNA (CNV subgenomic mRNAs appear to be naturally uncapped; unpublished observations) as quantitated by agarose
gel electrophoresis and ethidium bromide staining. In vitro translation was carried out in the presence of [35S]methionine (ca. 1000 Ci/mmol; New
England Nuclear) and the translation products electrophoresed through a 15% SDS–PAGE gel (43) and analyzed by fluorography using Entensify
(New England Nuclear) and subsequent autoradiography. B and C are the results of separate in vitro translation experiments.
nucleotides 4490 to 4506 downstream of the p20/p21 tor (Novagen) to produce an intermediate construct. This
construct was then digested with PstI and NcoI (corre-coding sequence. The resulting 751-bp fragment, corre-
sponding to CNV nucleotides 3785 to 4506, was gel- sponding to CNV nucleotide 3830) and the resulting 172-
bp product gel-purified. An available plasmid encom-purified and ligated directly into the pT7Blue T-tailed vec-
FIG. 4. Predicted secondary structure of the 5* untranslated leader and initial coding region of CNV subgenomic length transcripts. (A) Secondary
structure of the 15-nt leader and following 49-nt coding region (including the AUG codons for CNV p20 and p21) of wild-type 0.9-kb subgenomic
mRNA (0.9 sg) determined by the method of Zuker (44) using the Wisconsin Sequence Analysis Package by Genetics Computer Group, Inc. (Version
8.0-UNIX). The structure diagrammed has a Gibbs free energy value of 07.7 kcal/mol. (B) Secondary structure of the 48-nt leader and following 49-
nt coding region (as in A) of an extended leader subgenomic-length mRNA (DNM2). The structure shown has a Gibbs free energy value of 011.3
kcal/mol. The arrow in each diagram indicates the transcription initiation site and the AUG codons for p20 and p21 are underlined. The first 20
nucleotides correspond to the first 20 nucleotides of the CNV coat protein subgenomic mRNA. The following 13 nucleotides correspond to the 13
nucleotides immediately upstream of the 0.9-kb subgenomic start site. The remaining sequence corresponds to the 5* terminus of the 0.9-kb
subgenomic mRNA.
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passing the entire CNV 0.9-kb subgenomic RNA and up- by DNM2 subgenomic RNA at low RNA concentrations
was nearly negligible (Fig. 3C). Thus, expression fromstream sequences (CNV nucleotides 3383 to 4701) in
pUC19 (Pharmacia) was digested with PstI (upstream of the first AUG codon is not only increased with a longer
leader but there is a relative decrease in expression fromthe insert in the pUC19 multicloning site) and NcoI (which
overlaps the CNV p20 initiation codon) and ligated with the second AUG codon and, in some cases, the tendency
to scan past the first AUG is almost completely sup-the 172-bp fragment described above. The region ob-
tained using PCR was subsequently confirmed by DNA pressed. A similar phenomenon was shown for a syn-
thetic CAT mRNA with a lengthening of the leader fromsequencing. The resulting construct, pSC/0.9 sg, would,
upon run-off transcription using T7 RNA polymerase, give 3 to 32 nucleotides (35) as well as SV-40 16S mRNA and
yeast MOD5 mRNA when the leader was increased torise to transcripts exactly corresponding to CNV 0.9-kb
subgenomic mRNA. greater than 44 and 47 nucleotides, respectively (38, 39).
It is noted that a portion of the extended leader se-To generate pDNM2sg, a previously described cDNA
clone, pK2/M5DNM2 (37) was utilized. This clone was quence corresponds to the 5* leader of the viral coat
protein subgenomic mRNA which is expected to be aoriginally derived from a naturally occurring CNV coat
protein deletion mutant which lacks the entire coat pro- highly efficient messenger for coat protein synthesis.
However, if this sequence were to act as a translationaltein coding sequence normally situated upstream of the
0.9-kb subgenomic mRNA coding sequence. The 5* por- enhancer, it would be expected to act upon the produc-
tion of both p20 and p21 and not to specifically increasetion of the 0.9-kb subgenomic mRNA coding sequence
(CNV nucleotides 3785 to 3918) along with 33 nucleo- production of p20 over that of p21. In addition, although
the DNM2 leader contains this additional primary se-tides of upstream sequence of pK2/M5DNM2 (which cor-
responds to the 5* 20 nucleotides of the coat protein quence, a stem–loop structure identical to that predicted
for the authentic 0.9-kb RNA leader is retained in thesubgenomic mRNA leader fused to the 13 nucleotides
lying immediately upstream of the 0.9-kb subgenomic extended leader RNA (see Fig. 4). To determine whether
additional longer leader constructs would also give risemRNA) was amplified using PCR and oligos #45 and
#24. Oligo #45 5*AACTGCAGAATTCTAATACGACTCACT- to altered ratios of p20 and p21, transcripts containing
extended leaders which were not derived from coat pro-ATAGACCAAGCAAACACAAACAC3* contains a PstI site
(underlined) followed five nucleotides later by the T7 pro- tein subgenomic mRNA leader sequences were similarly
tested. Four constructs containing either single or doublemoter (italicized) and then the first 20 nucleotides of the
coat protein subgenomic mRNA leader (bold). Oligo #24, copies of a 33-nucleotide region corresponding to CNV
nucleotides immediately upstream of the authentic 0.9-5*GGGAGTAATGGTACCTCC3*, which is the complement
of CNV nucleotides 3901 to 3918, corresponds to a region kb subgenomic leader placed in either the plus or minus
sense orientation were generated. In vitro translation ofseveral bases downstream of the p20 AUG codon. The
resulting 196-bp PCR product was then gel-purified and transcripts derived from each of the four constructs di-
rected increased levels of p21 relative to wild type (al-ligated as above into the intermediate vector, pT7Blue,
followed by sequence analysis. The remaining steps though the levels were not as great as those directed by
pDNM2sg transcripts, above) as well as decreased lev-were as described for pSC/0.9 sg. T7 polymerase derived
transcripts produced from pDNM2sg are thus identical els of p20 (data not shown). Thus the increase in produc-
tion of p20 from transcripts containing a longer leader isto those produced from pSC/0.9 sg except they contain
an additional 33 nucleotides of leader sequence which due to the influence of leader length rather than of pri-
mary sequence. It is postulated by Kozak (35) that thecorresponds to the 5* 20 nucleotides of the coat protein
subgenomic mRNA followed by 13 nucleotides corre- effect of a longer leader is due to a greater capacity to
load and/or an ability to slow the movement of scanningsponding to the region immediately upstream of the 0.9-
kb subgenomic mRNA (Fig. 3A). 40S ribosomal subunits leading to increased recognition
of the first AUG codon.In vitro translation products directed by synthetic 0.9-
kb subgenomic mRNA and DNM2 extended leader sub- Other factors which promote leaky ribosomal scanning
include the absence of appreciable secondary structuregenomic mRNA in wheat germ extracts were compared
by programming the extracts with increasing amounts of downstream of the first AUG codon which might other-
wise slow the movement of scanning ribosomes and thuseach transcript (from 0.5 to 2 mg RNA). Figure 3B indi-
cates that both 0.9-kb subgenomic mRNA and DNM2 increase its recognition (40), as well as a second AUG
codon in close proximity to the first which is thought tosubgenomic mRNA direct the synthesis of p20 and p21.
However, the relative amounts of products directed by minimize masking of the second AUG codon by elongat-
ing ribosomes (12). The CNV 0.9-kb subgenomic mRNAboth transcripts differs. While in repeated experiments,
0.9-kb subgenomic mRNA consistently gave rise to near has only very moderate secondary structure downstream
of the first AUG codon although, interestingly, it appearsequal proportions of p20 and p21 at all three RNA con-
centrations used, DNM2 subgenomic mRNA consis- that both AUG codons are sequestered within the stem
of a hairpin structure (Fig. 4). Similar sequestering hastently directed the synthesis of more p21 relative to p20;
further, in some experiments, the amount of p20 directed been proposed for the first of two utilized AUG codons
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